T
he majority of patients with HIV infection have a progressive active viral transcription and replication, which results in loss of CD4 ϩ T cells, appearance of clinical symptoms, and disease progression. In a few rare cases, however, this increase in viremia is not observed, and immunity is maintained in these individuals. These are asymptomatic patients who maintain low levels of viral replication in the absence of antiretroviral treatment. They are known as controllers, either elite controllers (control viremia to undetectable levels) or virus controllers (low levels of viremia) (6, 13) . Most of these patients fall also within the category of longterm nonprogressors (LTNP) (3, 14) , who also maintain low levels of viremia and high levels of CD4 ϩ T cells for more than 10 years without receiving treatment. These individuals have become the center of many studies to identify mechanisms of spontaneous viral control.
Several factors take part in the control of viral transcription and replication: defective viral strains, robust host cell-mediated immune responses, and other host genetic factors that can affect viral replication (5, 6) . However, many questions still remain concerning the cellular immune mechanisms of persistent control and the extent of this control being driven by genetic and molecular factors. Among these molecular factors, the epigenetic silencing of HIV transcription could play a role. The different levels of chromatin regulation, such as the formation of a restrictive chromatin state and nucleosome remodelling, as well as other epigenetic modifications, such as DNA methylation, could influence HIV replication by acting as an additional mechanism of viral restriction. Whereas the involvement of histones in the control of gene expression through the chromatin state modification is compelling (8, 9) , the role of differential DNA methylation in HIV control is somehow controversial. Silencing of the provirus through CpG methylation has been described in other retroviruses, such as human T-cell leukemia virus 1 (HTLV-1) (16) . In cell lines latently infected with HIV, the 5=-long terminal repeat (LTR) of the provirus has been found to be hypermethylated (10) . Indeed, activation of viral expression from latently infected cells does appear to correlate with loss of methylation of the HIV-1 LTR DNA. Two recent studies have shown evidences in this direction, where the promoter region of HIV-1 was epigenetically regulated by DNA methylation (1, 12) and influenced the stability of HIV latency. Two regions or islands in the 5=-LTR promoter are susceptible to CpG methylation, determining the accessibility of regulatory transcription factors to initiate viral transcription, such as Sp1 and NF-B in the first island. Also MBD2/HDAC2 binding sites have been identified in the second CpG island, where under cytosine methylation conditions recruitment of these two factors takes place and silencing of the provirus is maintained (12) . One of these studies showed that a higher proportion of hypermethylated HIV promoters in memory CD4
ϩ cells was present in aviremic patients receiving treatment than in viremic patients also under antiretroviral treatment. However, in another more recent report, this DNA hypermethylation of LTR was not observed in proviruses from resting CD4 ϩ cells in aviremic patients undergoing highly active antiretroviral therapy (HAART) (2) . One of the differences between the two studies performed by Blazkova was the time of infection in each patient. Since DNA methylation may be a late event that enhances silencing of already-latent viruses rather than contributing to entry into latency (7, 11) , time may need to be considered a factor. To date, studies evaluating the involvement of this mechanism of silencing are few; most of the work has been done in vitro, with very little data obtained directly from infected patients, especially addressing latency. We conducted the present study to determine if this effect could also be observed in proviruses from LTNP/EC patients, and the level of DNA methylation in 5=-LTR could influence viral replication level in these patients.
RESULTS AND DISCUSSION
Our aim was to compare the methylation state of HIV promoter in 2 groups of infected patients with different phenotypes. We analyzed the 5=-LTR CpG methylation patterns in peripheral blood mononuclear cells (PBMCs) in patients who maintain undetectable or low levels of viremia (Ͻ50 or Ͻ2,000 RNA copies/ml, respectively) without treatment. These patients, who would fall into the category of long-term nonprogressors (LTNP) and/or elite controllers (EC), were compared with patients in whom HAART resulted in the suppression of plasma viremia (Table 1) .
Total genomic DNA from each patient was isolated with a QIAamp DNA blood minikit (Qiagen Inc., Valencia, CA), and approximately 1 g of this DNA was prepared for bisulfite treatment using an Epitect bisulfite kit (Qiagen Inc., Valencia, CA) by following the manufacturer's instructions. Bisulfite-treated DNA was amplified by a nested PCR using conditions and modified primers spanning the LTR region, described elsewhere (1). PCR products were cloned in the pSC-A-amp/kan vector system (StrataClone, Life Technologies). Ten clones from each sample were sequenced in an ABI 3100 genetic analyzer. Only clones with at least 95% conversion of cytosines outside CpG islands were used for the analysis of methylation in order to avoid technical bias with the bisulfite treatment, and the percentage of methylated CpGs was calculated as described elsewhere (4) . From an initial group of 11 patients selected from the LTNP/EC cohort from Hospital Carlos III (15), only 8 patients could be analyzed. It is likely that the low percentage of HIV provirus (many LTNP/EC patients had undetectable proviral loads) hampered the analysis of methylation in some of the analyzed patients. Also, similar problems were encountered when analyzing progressors (HAART-treated patients) with low viral loads; of an initial group of 7 patients, only 5 could be analyzed. The Mann-Whitney test was used to analyze differences between groups. Medians of viral load were 479.5 RNA copies/ml (interquartile range [IQR] of Ͻ50 to 1,685.5 RNA copies/ml) for LTNP/EC and Ͻ50 RNA copies/ml (IQR of Ͻ50 to 111.5 RNA copies/ml) for progressors, and the CD4 ϩ T cell count medians were 897 cells/l for LTNP/EC and 578 cells/l for progressor patients (Table 1 ). The 5=-LTR of HIV-1 in all progressor patients showed very low or no methylation at all (range of 0 to 1%) compared with that of the LTNP/EC group, where the percentage of methylated CpGs in the HIV promoter was higher. In this group, the median of CpG methylation was 5.4% (IQR of 1.52 to 9.15%) (P ϭ 0.011) (Fig. 1) . Despite the moderate DNA methylation levels in the HIV promoter observed in our LTNP/EC patients, we demonstrated a difference with progressors, indicating a certain silencing of HIV LTR in LTNP/EC. The observed DNA methylation level in our patients is different from the levels observed by Blazkova and colleagues in 2009 in aviremic patients (1) but more similar to the new study by the same authors (2), although comparison is difficult since analyzed cell types are not the same (PBMCs in our study versus memory CD4 ϩ T cells in both of Blazkova et al.'s works). Most of the methylated CpGs found in our patients were within the Sp1 binding sites and second CpG island, which could reduce activation by Sp1 or impeding transcription by recruitment of methyl-CpG binding domain protein 2 (MBD2) (Fig. 2) . The stability of gene expression contributing to these patients' viral control may correlate more closely with the density of DNA methylation, as opposed to a binary methylated/demethylated state.
Next, the total DNA sample from each patient was also ana- lyzed for quantification of global DNA methylation (5-mC). The MethylFlash methylated DNA quantification kit (Epigentek Inc., Farmingdale, NY) was used for this purpose. No differences were observed in the degree of global DNA methylation between the groups, which range from a median of 1.8% in LTNP/EC to 1.37% in progressors (P ϭ 0.268). These values fell, in all patients except one, within the normal range of total DNA methylation (0.8 to 1.5%). Only patient M presented a slight hypermethylation (Ͼ2%). The ratio of LTR methylation with respect to total DNA methylation also showed differences between the groups (median ratio of 5.42 for LTNP/EC, 0 for progressors; P ϭ 0.018). These results show that the higher methylation observed in LTNP/EC is not due to differences in the overall methylation of PBMCs, and hence their state of stimulation, but most likely tied to a local event related to HIV LTR. Because of the low number of patients, we were unable to discern methylation patterns between LTNP and EC patients (median of 8.5% for LTNP versus median of 2.3% for EC; P ϭ 0.786) or with their ratio of LTR methylation with respect to total DNA methylation (median of 9.88 for LTNP versus median of 3.6 for EC; P ϭ 0.4). Also, no correlations between viral load and percentage of LTR methylation were observed when analyzing the total number of patients or within the LTNP/EC group. In the same manner, no correlation was observed with the degree of methylation and levels of CD4 ϩ T cells. However, when analyzing the time of infection in all our patients (median of 20 years for LTNP/ EC, 21 years for progressors), we observed a positive correlation with LTR CpG methylation (Spearman rank correlation rho of 0.661; P ϭ 0.019). This correlation was primarily driven by the LTNP/EC group (rho ϭ 0.802; P ϭ 0.017). It seems that DNA methylation accumulates over time in these patients with controlled viremia over a long period of infection evolution. This DNA methylation of HIV LTR may be contributing to the reduction in the number of reactivable viral events over time and hence allowing a more efficient immune response with minimal activation, resulting in a delay or nonprogression of infection. Although the increase in methylation over time in our patients was observed only in the LTNP group, we should not exclude that this event may also be observed in patients on HAART with a long evolution under controlled viremia. In fact, this factor may help explain the different methylation ratios found in other studies in patients on HAART, although analyses with more progressor patients are needed to confirm this.
In the first of Blazkova et al.'s works, the presence of different populations of nonmethylated and methylated provirus within the same patient was reported when the observed LTR methylation was in an intermediate range (20 to 30%) (1), suggesting the presence of mixed virus populations. To explore this possibility in our patients, we further analyzed the sequence variability of HIV-1 promoters in the sequences obtained after bisulfite treatment. For this analysis, we used the neighbor-joining method to compare distances between sequences. The LTR sequences clearly segregated into two different clusters only in patients C and D (both LTNP); however, both clusters showed a mix of methylated and nonmethylated positions (Fig. 3) . These 2 patients showed the highest methylation, but our results do not suggest the presence of two different proviral populations regarding promoter methylation.
In summary, our data show that LTNP/EC patients carry some degree of HIV LTR methylation compared with progressor patients, who show no DNA methylation at all. Although levels observed in the LTNP/EC are moderate, the differences with progressors suggest that DNA methylation in the HIV 5=-LTR of LTNP/EC patients may participate along with other mechanisms in the control of viral replication. This methylation process may help in silencing some of the HIV proviruses, which in turn would favor a more efficient immunologic control. This greater response efficiency may result in a lower activation of the immune system and as a consequence in reduced disease progression.
